The age-associated alteration in expression levels of carboxylesterases (CESs) can affect both intestinal and hepatic first-pass metabolism after oral administration of xenobiotic esters such as prodrugs. In this study, the age-related expression of CES isozymes and hydrolase activities were simultaneously investigated in liver, jejunum, and ileum from 8-, 46-, and 90-week-old rats. Rat liver expresses three major CES1 isozymes, Hydrolase A, Hydrolase B, and Hydrolase C, as well as one minor CES1 (Egasyn) and three minor CES2 isozymes (RL4, AY034877, and D50580). The mRNA and protein levels of major hepatic CES1 isozymes were decreased in an age-dependent manner, while those of minor CESs were maintained in all age groups. The hepatic hydrolase activity for temocapril was decreased in an age-dependent manner, accompanied by downregulation of Hydrolase B/C mRNA, while age-independent hydrolysis of propranolol derivatives was observed in rat liver, due to the contribution of Egasyn. Rat small intestine expresses one major CES2 (RL4) and four minor CESs (Hydrolase B, Hydrolase C, Egasyn, and AY034877). Interestingly, the expression of RL4 was age-dependently increased in both jejunum and ileum, while minor isozymes showed a constant expression across a wide age range. The up-regulation of RL4 expression with aging led to an increase of intestinal hydrolase activities for temocapril and propranolol derivatives. Consequently, age-dependent changes in the expression of CES isozymes affect the hydrolysis of xenobiotics in both rat liver and small intestine.
Introduction
Carboxylesterase (CES, EC 3.1.1.1) is a member of the family of serine esterases, which play important roles in drug metabolism in various mammalian tissues (Satoh and Hosokawa, 1998; Satoh et al., 2002) . Mammalian CESs comprise a multigene family, and their isozymes are classified into five groups based on the homology of their amino acid sequences (Satoh and Hosokawa, 2006) . CES1 and CES2 families are responsible for the activation of ester and amide prodrugs and the detoxification of xenobiotics (Takai et al., 1997; Imai, 2006) . Mammalian CES1 isozymes are highly expressed in most organs, while CES2 enzymes are present in a limited number of organs, such as gastrointestinal tract, kidney, and liver (Hosokawa, 2008) . The hepatic and intestinal CES isozymes are principally responsible for the metabolism of ester compounds and affect the disposition of prodrugs after oral administration Imai and Ohura, 2010) .
Although the tissue distribution of CES1 and CES2 isozymes differs among mammals (Taketani et al., 2007) , human and rat isozymes show similar expression patterns in the liver and intestine. In both human and rat, the majority of CES family enzymes in the liver and intestine are CES1 and CES2 isozymes, respectively. In man, hCE1 and hCE2 are CES1 and CES2 isozymes, respectively. In contrast, four CES1 isozymes are present in rat: Hydrolase A (also known as RH1, ES-10), Hydrolase B (also known as RL1, ES-4), Hydrolase C, and Egasyn (also known as RL2, ES-3). For rat CES2 isozymes, one major CES2 isozyme, RL4, and two minor CES2 isozymes, D50580 and AY034877, have been identified. The amino acid sequence homology of these rat CES isozymes is shown in Fig. 1 . All CES1 and CES2 isozymes exhibit similar subunit molecular weights (58-61 kDa) and are present as monomers or trimers (Satoh and Hosokawa, 1998) .
As with many other metabolizing enzymes, the expression of CES is regulated by hormones, disease mediators, and xenobiotics. For example, phenobarbital moderately induces Hydrolase A and Hydrolase B in rat liver (Morgan et al., 1994) . In contrast, dexamethasone suppresses Hydrolase A, Hydrolase B, and Hydrolase S (also known as ES-1, a plasma CES1 isozyme; Shi et al., 2008) , while it induces RL4 (Furihata et al., 2005) .
It has also been reported that hydrolase activity changes in an agedependent manner. For example, the hepatic intrinsic clearance of the pyrethroid deltamethrin through hydrolysis is increased with age; 10and 40-day-old rats show only 3% and 21% of the activity of 90-dayold rats, while its intrinsic clearance from plasma reaches maximum activity at 40 days (Anand et al., 2006) . In the same rats, the hepatic intrinsic clearance of the pyrethroid deltamethrin, through oxidation by cytochrome P450 (P450), reaches maximum activity in 40-day-old rats. Karanth and Pope (2000) reported that hepatic activity against p-nitrophenyl acetate (PNPA) increases with age in rats and reaches maximum activity at 90 days, maintaining this level of activity up to 24 months, while maximal activity in plasma is reached at 90 days and has decreased by 24 months.
These alterations of hydrolase activity are dependent on the expression of esterases. However, there are only limited data on the age-dependent variation of expression of rat CES isozymes. While 1-to 2-week-old rats express very low levels of Hydrolase A and Hydrolase B in the liver, these levels abruptly increase at 3 weeks in both male and female rats (Morgan et al., 1994) . In contrast, it has been reported that the hepatic mRNA levels of Hydrolase A and Hydrolase C are significantly decreased in 84-week-old rats compared with 32-week-old rats (Mori et al., 2007) . Differences in regulation of mouse hepatic CES isozymes between neonatal (10-day-old) and adult (70-day-old) mice have also been reported. Mouse Ces1d activity was preserved, Ces1e and Ces2c were upregulated, and Ces2e was downregulated by aging (Xiao et al., 2012) .
Alteration of enzyme expression level by aging in not only liver but also intestine results in variations in the pharmacokinetics and pharmacodynamics of drugs. However, the age dependence of the regulation of CES expression in the intestine is rarely reported, and the age dependence of tissue hydrolase activity and CES expression is seldom evaluated simultaneously in the same rats. In the present study, we focused on age-dependent expression of CES1 and CES2 isozymes in the liver and intestine of 8-to 90-week-old rats. The mRNA levels were measured by real-time polymerase chain reaction (PCR) and tissue hydrolase activities in the same rats were measured using PNPA, a-naphthyl acetate, temocapril, and propranolol (PL) derivatives as substrates.
Materials and Methods
PNPA, p-nitrophenol, a-naphthyl acetate, and bis-p-nitrophenyl phosphate (BNPP) were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Temocapril and temocaprilat were provided by Daiichi Sankyo Company, Ltd. (Tokyo, Japan). Anti-Egasyn antibody was a kind gift from Dr. M. Hosokawa (Chiba Institute of Science, Chosi, Chiba, Japan). PL ester hydrochloride derivatives were synthesized from PL hydrochloride (Wako Pure Chemical Industries, Ltd., Osaka, Japan) as described previously (Shameem et al., 1993) . The identities and purities of the synthesized chemicals were confirmed by infrared spectroscopy, nuclear magnetic resonance spectroscopy, atomic analysis, and high-performance liquid chromatography (HPLC). All other chemicals and reagents were of analytical grade.
Animals. Male Wistar (7-week-old) rats were supplied by Kyudo Co., Ltd. (Saga, Japan). All rats (7-to 90-week-old) were maintained under standard conditions with a 12-hour dark/light cycle. Commercial chow and water were available ad libitum. Animals were fasted (with free access to water) for 15 hours before the experiments. All animal experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Kumamoto University.
Preparation of Rat Tissue Homogenate 9000g Supernatant and Microsomal Fraction. The tissue homogenate 9000g supernatant (S9) and microsomal fractions were prepared according to a previously described procedure (Taketani et al., 2007) . All rats (8-week-old, 240-250 g; 46-weekold, 720-850 g; 90-week-old, 740-900 g) were sacrificed by exsanguination from the abdominal aorta under deep ether anesthesia. The jejunal and ileal segments were removed and cut open. After washing the luminal side with icecold 0.15 M KCl, the intestinal mucosa was stripped from the muscle layer. The inferior vena cava was cannulated, and the liver perfused with ice-cold 0.15 M KCl. The stripped intestinal mucosa and liver were finely minced and homogenized with three volumes of 50 mM HEPES buffer (pH 7.4) containing 0.15 M KCl in a Potter-Elvehjem glass homogenizer. The homogenates were centrifuged at 9000g for 20 minutes at 4°C to obtain the S9 fraction. The S9 fraction was further centrifuged at 100,000g for 1 hour at 4°C. To prepare microsomes, the resulting pellets were resuspended in 50 mM HEPES buffer containing 0.15 M KCl. Protein contents were determined with bovine serum albumin (BSA) as the standard (Bradford, 1976) . These preparations were stored at -80°C until use.
RNA Extraction and Quantification of mRNA Expression. Total RNA was isolated from rat liver and intestinal mucosa using TRIzol reagent (Life Technologies Japan Ltd., Tokyo, Japan), according to the manufacturer's specifications. First-strand cDNA was synthesized using Oligo(dT) or random primer with ReverTraAce (Toyobo, Osaka, Japan). The endogenous control and CES isozymes analyzed by relative real-time quantitative PCR are listed in Table 1 . Their protein names, UniProt accession numbers, gene symbols, and GenBank accession numbers are also given in Fig. 1 and Table 1 . Real-time quantitative PCR was performed using the Bio-Rad iCycler iQ real-time PCR detection system (Bio-Rad Laboratories, Inc., Hercules, CA) with SYBR Premix Ex Taq II (Takara Bio Inc., Shiga, Japan) and the specific primers listed in Table 1 . As Hydrolase B is very similar to Hydrolase C (amino acid sequence homology 93%), Hydrolase B/C mRNA was measured using primers with identical nucleotide sequences. Similarly, RL4/AB010632 mRNA was measured as the same enzyme, since AB010632 identified from rat intestine by Sone et al. (unpublished data) is almost identical to the RL4 purified from the liver (homology 95%). Thermal cycling conditions were 95°C for 3 minutes, followed by 40 cycles of 95°C for 10 seconds, 55°C for 30 seconds. Reactions were carried out in triplicate. Relative mRNA levels were calculated by the 2 -DCt method (Livak and Schmittgen, 2001) . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was commonly used as a reference gene in the liver and small intestine. The stable expression level of GAPDH in the three different age groups was confirmed using normalization of GAPDH levels by b-actin and 18S ribosomal RNA levels (unpublished data).
Staining for Esterase Activity. Staining for esterase activity followed native polyacrylamide gel electrophoresis (PAGE) as previously described (Taketani et al., 2007) . Briefly, liver microsomal protein and intestinal S9 protein were loaded onto a 7.5% gel. After electrophoresis at 200 V for 1 hour, the bands containing esterase were stained by complex formulation between Fast Red TR hemi(zinc chloride) salt, a dyeing agent, and a-naphthol produced by hydrolysis of a-naphthyl acetate, a substrate of esterase.
Measurement of Hydrolase Activity. The chemical structure of PNPA, temocapril, and the PL derivatives used as substrates in the hydrolysis experiments are shown in Fig. 2 . Liver microsomes or small intestinal S9 were diluted with 50 mM HEPES buffer (pH 7.4) at an appropriate protein concentration. After preincubation of the microsomes or S9 solution for 5 minutes at 37°C, the reaction was started by adding the substrate dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO was maintained at ,1.0%, which had no effect on the hydrolase activity. The initial hydrolytic activity was measured under reaction conditions in which less than 25% of substrate was hydrolyzed.
For the hydrolysis of PNPA, the reaction was initiated by the addition of PNPA (final concentration 15-500 mM), and the formation of p-nitrophenol was spectrophotometrically determined by the initial linear increase in absorbance at 405 nm (V-530; Jasco International Co. Ltd., Tokyo, Japan). For the hydrolysis of temocapril, the reaction was terminated by adding an equal volume of ice-cold methanol. After centrifugation of the reaction mixture at 1600g for 10 minutes, H 3 PO 4 (final concentration 0.5 M) was added to the supernatant, and its solution was analyzed by HPLC. For the hydrolysis of PL derivatives, the reaction was terminated by adding 6 ml ethyl acetate and 1 ml saturated NaCl solution adjusted to pH 4.0 with phosphoric acid. After the samples had been shaken for 10 minutes, the ethyl acetate phase was isolated and evaporated. The residue was redissolved in HPLC mobile phase and analyzed by HPLC.
In the inhibition experiments of hydrolase activity, microsomes or S9 solution were preincubated for 5 minutes at 37°C with BNPP dissolved in Fig. 1 . Phylogenetic tree for rat CES isozymes. A phylogenetic tree was created for rat CES isozymes using CLUSTALW. The percentage in parentheses indicates the amino acid sequence homology compared with Hydrolase A. a) , GenBank accession number.
DMSO. The reaction was started by addition of the substrates. The total concentration of DMSO in the reaction mixture was ,1.0%. Hydrolysates were measured by the same procedure as in the hydrolysis experiment.
HPLC Analysis. The HPLC system comprised a pump (JASCO PU-980), autosampler (JASCO AS-950), UV detector (UV-2075), fluorescence detector (JASCO FP-1520S), column oven (JASCO CO-965), and data application apparatus (ChromNAV chromatography data system; Jasco International Co. Ltd., Tokyo, Japan). The temperature of the column was maintained at 40°C.
For detection of temocaprilat, Inertsil ODS-2 column (5 mm, 4.6 Â 250 mm i.d.; GL Sciences Inc., Tokyo, Japan) was used at a flow rate of 0.8 ml/min with a mobile phase of acetonitrile/10 mM H 3 PO 4 , 70:30 (v/v) (solvent A) and 10 mM H 3 PO 4 (solvent B) according to the following gradient schedule: 45% solvent A (0-10 minutes), a linear gradient from 45 to 100% solvent A (10-20 minutes), 100% solvent A (20-25 minutes), and a linear gradient from 100 to 45% solvent A (25-26 minutes). Temocaprilat was detected at a wavelength of 258 nm.
For determination of PL enantiomers, a CHIRALCEL OD column (10 mm, 4.6 Â 250 mm i.d.; Daicel Chemical Industries, Ltd., Tokyo, Japan) was used with a mobile phase of hexane/isopropanol/diethylamine, 90:10:1.0 (v/v/v) at a flow rate of 1.0 ml/min. PL was detected at excitation and emission wavelengths of 285 and 340 nm, respectively. All substrates and metabolites were clearly separated, and were measured in a quantitatively linear range.
Data Analysis. Experimental reaction velocity measurements were combined to provide mean 6 S.D. values. The K m and V max were estimated by fitting the Michaelis-Menten equation to the data using nonlinear regression analysis with MULTI program written in BASIC by Yamaoka et al. (1981) . The statistical differences were assessed by the independent t test. 
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Results
Hydrolysis of PNPA in Rat Liver and Small Intestine from Different Age Groups. Hydrolase activity in liver and small intestine from 8-, 46-, and 90-week-old rats was estimated using PNPA, which is a substrate for several esterases including CES. CES is retained in the endoplasmic reticulum membrane through binding with the KDEL receptor. Therefore, hepatic hydrolase activity was measured using the microsomal fraction. Treatment with BNPP, a specific inhibitor of CES, demonstrated a 65% contribution of CES to hepatic microsomal hydrolysis of PNPA (unpublished data).
The S9 fraction was used for the estimation of intestinal activity. The intestinal S9 fraction showed less interindividual variation in CES content than the microsomal fraction. In the intestine, microsomal CES may partly leak out into the cytosolic fraction by dissociation from the KDEL receptor during homogenization of the mucosal membrane. It has been found that CES contributes approximately 90% of hydrolase activity for PNPA, even in the intestinal S9 fraction (unpublished data). Table 2 shows the kinetic parameters for the enzymatic hydrolysis of PNPA. Hepatic K m values were maintained in the range 30-50 mM in 8-to 90-week-old rats, while K m values in the jejunum and ileum were 7-to10-fold higher but also remained almost constant during this period. On the other hand, hepatic and intestinal V max values tended to decrease and increase with age, respectively, although the variation between the three age groups was not statistically significant in any tissue, due presumably to the large interindividual variation in the older group. In contrast to the gradual decrease of hepatic V max values with age, jejunal V max values were constant up to 46 weeks but doubled by 90 weeks, while ileal V max values increased only fractionally with aging. It is interesting that the age-dependent alterations in intestinal V max values are in the opposite direction to the changes observed in the liver. Therefore, the intestinal V max was larger than the hepatic V max in 90-week-old rats. Although PNPA is hydrolyzed by several esterases, CES is the major esterase in the present experimental conditions. These data suggest that age-dependent alteration of hepatic and intestinal hydrolase activities for PNPA may be related to the regulation of CES expression.
mRNA Level of CES Isozymes in Liver and Small Intestine from 8-Week-old Rats. Prior to the examination of age-related expression of CES isozymes in rat liver and intestine, the expression of CES isozymes in 8-week-old rats was determined by investigating mRNA levels. As shown in Table 1 and Fig. 1 , the naming of individual CES genes and proteins has not been unified among different research groups. In the present study, we have used the names Hydrolase A, Hydrolase B, Hydrolase C, Egasyn, and Hydrolase S for CES1 isozymes, and RL4, AB010632, AY034877, and D50580 for CES2 isozymes.
The hepatic and intestinal CES mRNA levels in 8-week-old rats are shown in Fig. 3, A and B , respectively. In the liver, mRNA levels of Hydrolase A, Hydrolase B/C, and Hydrolase S were markedly higher than those of Egasyn and the three CES2 isozymes. In the jejunum and ileum, the highest expression level was observed for RL4 mRNA, followed by Hydrolase B/C, Egasyn, and AY034877. Hydrolase A, Hydrolase S, and D50580 showed negligible expression. Native PAGE Analysis of CES Isozymes in Liver and Small Intestine from 8-Week-old Rats. The protein levels of rat hepatic and intestinal CES isozymes were analyzed by native PAGE gel stained for hydrolysis of a-naphthyl acetate. As shown in Fig. 4A , two strong bands corresponding to CES1 isozymes were detected in 8-week-old rat liver. The upper band was assigned to Hydrolase A and Hydrolase C because of their similar molecular weights as trimers (180 kDa) and similar pI values (Hydrolase A: pI 6.0; Hydrolase B/C: pI 6.5), and the lower band to Hydrolase B, a monomeric 60-kDa protein (Satoh and Hosokawa, 1998) . In addition, two weak bands of Egasyn (monomer, pI 5.5) and RL4 (monomer, pI 4.6) were observed. Hydrolase S, expressed at the highest mRNA levels, was not detected as an active protein in native PAGE, because it is secreted from the liver into the plasma (Alexson et al., 1994; Yan et al., 1995) . AY034877 and D50580 were also not detected in native PAGE, in spite of having higher mRNA levels than RL4; this may be due to their low affinity for a-naphthyl acetate. Apart from Hydrolase S, AY034877 and D50580, the protein levels of the CES isozymes in native PAGE matched their mRNA levels.
Since the intestinal CES mRNA levels were significantly lower than hepatic levels, a larger quantity of intestinal S9 was loaded onto the native PAGE gel. As shown in Fig. 4, B and C, only the strong band of RL4 was detected in both jejunum (50 mg) and ileum (70 mg); two weak bands corresponding to Hydrolase B and Hydrolase C were detectable in jejunum, while only Hydrolase C was weakly stained in Fig. 4 . Age-related changes in the protein expression of CES isozymes in rat liver (A), jejunum (B), and ileum (C). Expression levels of CES proteins in rat liver microsomes and S9 fraction of jejunum and ileum were analyzed by native PAGE, followed by esterase activity staining with a-naphthyl acetate. The protein amounts loaded in each lane for liver microsomes, jejunal S9 and ileal S9 were 15, 50, and 70 mg, respectively. Arrows indicate bands corresponding to each CES isozyme. *, unknown esterases. Table 3 and Fig. 4A show the age-dependent expression of hepatic CES isozymes as mRNA and protein levels, respectively. With respect to hepatic mRNA levels, Hydrolase A mRNA did not alter from 8 to 46 weeks and was downregulated by 90 weeks; Hydrolase B/C and Hydrolase S decreased to about 40-60% by 46 weeks and had decreased further at 90 weeks; mRNA levels of Egasyn and three CES2 isozymes were nearly constant or decreased slightly with age. In accordance with mRNA levels, the band intensity of Hydrolase A/C and Hydrolase B on native PAGE became weaker with aging, while those of Egasyn and RL4 protein were at nearly the same level in all age groups, although interindividual differences were observed.
In the jejunum and ileum, both RL4 mRNA and its protein band intensity increased with age, as shown in Table 4 and Fig. 4 , B and C. Three minor CES isozymes also tended to increase their mRNA expression, although the band intensity visualized for Hydrolase C and/or Hydrolase B in native PAGE was almost the same in the three age groups, and bands relating to Egasyn and ileal Hydrolase B were not detected even in the oldest group of rats.
Age-Related Hydrolysis of Temocapril in Rat Liver and Small Intestine. To examine the effect of age-related changes in the expression of CES isozymes on hepatic and intestinal hydrolase activities, we selected two substrates, temocapril and PL derivatives. Temocapril is a typical substrate for hCE1 (Imai et al., 2005; Vistoli et al., 2009) , and PL derivatives are hydrolyzed by hCE1 and hCE2 . Although the rat CES isozyme responsible for hydrolysis of temocapril is unknown, BNPP almost completely inhibited the hydrolysis of temocapril in rat liver and jejunum and was associated with 85% inhibition in rat ileum (unpublished data), suggesting that rat CES is the dominant enzyme for hepatic and intestinal hydrolysis of temocapril. Table 5 shows the kinetic parameters of the enzymatic hydrolysis of temocapril in rat liver and intestine. The hepatic K m value in 8-weekold rats was slightly larger than jejunal and ileal values, while the hepatic V max value was about 20-and 210-fold greater than that of jejunum and ileum, respectively.
In the liver, the K m values in 8-and 90-week-old rats were not significantly different. However, the V max value was approximately 50% lower in 46-week-old rats compared with 8-week-old rats, while the values in 46-and 90-week-old rats were nearly identical. The decrease of hepatic hydrolase activities with age is similar to the agedependent downregulation of Hydrolase B/C mRNA levels (Table 3 ). In fact, the V max values correlated well with mRNA levels of Hydrolase B/C (r = 0.882), as shown in Fig. 5 and Table 6 .
In the jejunum and ileum, K m values did not differ significantly in the three age groups. Unlike the liver, jejunal V max increased in an age-dependent manner and was 1.5-fold and 1.7-fold higher in 46-and 90week-old rats, respectively, than in 8-week-old rats. The ileal V max value was approximately doubled in 46-week-old rats but remained constant between the 46-and 90-week-old groups. As shown in Table 6 , both jejunal and ileal V max values showed relatively high correlations with mRNA levels of Hydrolase B/C and RL4. The age-dependent hydrolysis of temocapril in the intestine may therefore be primarily due to RL4 and partially to Hydrolase B/C. In fact, further multiple linear regression analyses showed a high correlation between V max values and a combination of the mRNA levels of RL4 and Hydrolase B/C in jejunum (r = 0.916) and ileum (r = 0.832) (unpublished data).
Age-Related Hydrolysis of Racemic PL Derivatives in Rat Liver and Small Intestine. Racemic PL derivatives were used as secondary CES substrates. It has been reported previously that PL derivatives are hydrolyzed by rat CESs, which are responsible for 80% of hepatic hydrolysis (Yoshigae et al., 1999) and 100% of jejunal and ileal hydrolysis in 8-week-old rats (Masaki et al., 2007) . However, it is unclear which rat CES isozyme is primarily involved in their hydrolysis.
The structure of PL derivatives (compounds 1-6) is shown in Fig. 2 . Compounds 1-3 and 4-6 are PL-substituted with straight and branched acyl chains, respectively. Figure 6 shows the hydrolase activities for racemic PL derivatives in liver and intestine from 8-to 90-week-old rats. In contrast to the hydrolysis of temocapril, both liver and intestine showed similar hydrolase activities for all PL derivatives, although the ileal activities were about 1.5-fold lower than those in jejunum. In the liver, the S-isomers of compounds 1-3 were preferentially hydrolyzed, while slightly higher activities were observed for R-isomers of compounds 4-6. On the other hand, R-and S-isomers were hydrolyzed at nearly the same rates in the intestine. These data suggest that the CES isozymes responsible for rat intestinal hydrolysis of PL derivatives are different from those in rat liver.
As shown in Fig. 6A , the hepatic hydrolase activities for PL derivatives were maintained over the period of 8-90 weeks. In comparison with changes in mRNA and protein levels of CES isozymes with age (Table 3 and Fig. 4A , respectively), Egasyn shows an age-independent expression and may therefore contribute to the hepatic hydrolysis of PL derivatives. Indeed, in our preliminary experiments, only anti-Egasyn IgG inhibited hepatic hydrolase activities for both R-and S-isomers of butyryl PL (unpublished data).
In the jejunum and ileum, hydrolase activities for PL derivatives tended to increase with age, although there were no statistically significant differences between the three age groups, due primarily to large interindividual differences in the older group as shown in Fig. 6 , B and C. Interestingly, the increases were not linear and the patterns of increase varied between the jejunum and ileum. The jejunal hydrolase activities for both R-and S-isomers were constant up to 46 weeks and increased at 90 weeks, while ileal hydrolase activities for the R-isomer were increased at 46 weeks and nearly constant between 46 and 90 weeks; for the S-isomer ileal hydrolase activities gradually increased with age. The jejunal hydrolysis of valeryl PL (compound 3) showed a relatively high correlation with the mRNA level of RL4 in both jejunum and ileum (Table 6 ). In the multiple regression analysis, the correlation parameter was not improved by combining the mRNA level of RL4 with any other CES isozymes in the jejunum and ileum. Similar results have also been obtained with other PL derivatives (unpublished data). These results suggest that RL4 is a major enzyme involved in the intestinal hydrolysis of PL derivatives.
Discussion
It is important to study age-related changes in the expression of metabolizing enzymes in the small intestine and liver, as they affect the first-pass metabolism of orally administered xenobiotics, such as Fig. 5 . Relationships between relative mRNA levels of CES isozymes and V max values for temocapril hydrolysis in rat liver. The relationships between relative mRNA levels of CES1 isozymes and V max values for temocapril hydrolysis in rat liver were evaluated using the correlation coefficient (r). A P value , 0.05 was considered statistically significant for all comparisons.
TABLE 6
Correlation coefficients for mRNA levels of CES isozymes and hydrolase activities in rat liver and small intestine Correlation coefficients for mRNA levels of CES isozymes and hydrolase activities were calculated using V max values for temocapril and activity values at 50 mM concentration of valeryl PL. *P , 0.05, **P , 0.01 and ***P , 0.001 indicate statistically significant. It has been reported that the expression of several metabolizing enzymes, e.g., P450 and UDPglucuronosyltransferase (UGT), is altered with aging in both rat liver and intestine. The rat hepatic expression of P450 decreases with aging (Warrington et al., 2003 (Warrington et al., , 2004 Yun et al., 2010) , while ageindependent P450 expression has been shown in rat intestine (Warrington et al., 2004; Pałasz et al., 2012) . With respect to UGT activity, no change or an age-dependent increase has been observed in rat liver and intestine, respectively (Lee et al., 2008; Bolling et al., 2011) . However, the age-related expression of CES isozymes has been investigated only in rat liver, and has focused primarily on early developmental stages. In the present study, the effect of aging on rat hepatic and intestinal expression of CES isozymes was evaluated in rats aged between 8 and 90 weeks using both mRNA expression and enzymatic activity. The expression of the major rat hepatic CES1 isozymes, Hydrolase A and Hydrolase B/C, decreased with age up to 90 weeks as evidenced by both mRNA and protein levels (Table 3 and Fig. 4A ); this agrees with the results of Mori et al. (2007) using microarray data analysis. In contrast, minor CES1, Egasyn, and three CES2 isozymes showed age-independent expression in the liver. Therefore, hepatic hydrolysis may decrease or remain constant with age, according to the expression property of the responsible CES isozyme. In fact, the hydrolysis of temocapril, catalyzed by Hydrolase B/C, decreased with age, while the hydrolysis of PL derivatives remained constant over a wide age range due to the contribution of Egasyn. PNPA hydrolysis also decreased with age (Table 2) , due presumably to downregulation of CES1 isozyme levels, although CESs are responsible for only 65% of the total hepatic microsomal hydrolysis of PNPA. Karanth and Pope (2000) reported that the hydrolase activity for PNPA was identical at 90 days (13 weeks) and 24 months (96 weeks) in the hepatic S9 fraction of Sprague-Dawley rats. In the present experiments, we used hepatic microsomal fractions from Wistar rats. The discrepancy in the findings on the effect of aging on PNPA hydrolysis may therefore be caused by the use of different rat strains and/or tissue fractions in the hydrolysis experiment. PNPA is a good substrate for not only microsomal esterases but also cytosolic esterases, such as neutral cytosolic cholesteryl ester hydrolase (Milad-Kodsi et al., 2005) . The activity of some cytosolic esterases may even be enhanced by aging.
Interestingly, Hydrolase A, which poorly hydrolyzed both temocapril and PL derivatives, exhibits the highest amino acid sequence homology with hCE1, which recognizes both compounds (homology to hCE1: Hydrolase A, 77%; Egasyn, 73%; Hydrolase B/C, 67%). It has been reported that Hydrolase A catalyzes the hydrolysis of endogenous compounds. For example, Sanghani et al. (2002) have demonstrated the Hydrolase A-mediated hydrolysis of retinyl palmitate, a major endogenous storage source of vitamin A. This suggests that the hepatic metabolism of endogenous compounds by Hydrolase A may slow down in aged rats in comparison with younger rats. The expression of P450s, which are involved in the metabolism of endogenous compounds such as vitamins, lipids, and steroidal hormones, is also decreased in an age-dependent manner in rat liver dmd.aspetjournals.org (Warrington et al., 2003 (Warrington et al., , 2004 Yun et al., 2010) , suggesting that CES and P450s can be simultaneously downregulated according to the homeostasis of endogenous compounds in aged rats. Several researchers have reported on the age-related expression of CES isozymes in human liver. The human adult liver ($18 years of age) expresses hCE1 at significantly higher levels than that of children (0 days to 10 years old; Zhu et al., 2009; Shi et al., 2011) , in whom levels are higher than in fetuses (82-224 days gestation; Yang et al., 2009 ). The increase of hCE1 expression during human development is similar to the upregulation of Hydrolase A and Hydrolase B in young rat liver (Morgan et al., 1994) . In rats, hepatic CES1 isozymes increase during early developmental stages and decrease with aging, after reaching maximal expression in young adulthood.
The mRNA level of Hydrolase S, a plasma CES1 isozyme, also showed an age-dependent decrease. Unfortunately, we did not collect plasma samples in aged rats, but our result agrees with previous reports on hydrolase activity in rat plasma. Karanth and Pope (2000) have demonstrated the reduced hydrolysis of PNPA in the plasma of 24-month-old rats compared with 90-day-old rats. Since temocapril and PL derivatives are also hydrolyzed by Hydrolase S (Bahar et al., 2012) , it is predicted that their in vivo metabolism in plasma after oral absorption decreases in an age-dependent manner.
In rat jejunum and ileum, the expression of the major CES2 isozyme, RL4, increased with age as judged from mRNA and protein levels (Table 4 and Fig. 4 ). On the other hand, protein levels of the minor CES isozymes, Egasyn, Hydrolase B/C, and AY034877, were maintained over a wide age range, although their mRNA levels tended to increase with age. It is interesting that the age-dependency of the expression of CES isozymes moves in opposite directions in rat intestine and liver. The upregulation of intestinal CES by aging might be in compensation for the decrease of hepatic CESs, resulting in the maintenance of first-pass hydrolysis over a wide age range. Indeed, the intestinal hydrolysis of both temocapril and PL derivatives was increased in an age-dependent manner ( Table 5 and Fig. 6 ). The high intestinal ability for detoxification in aged rats is also supported by the age-independent expression of P450s and age-dependent increase of UGT activity in rat intestine (Warrington et al., 2004; Bolling et al., 2011; Pałasz et al., 2012) .
Regarding the expression of CES along the proximal to distal intestine, RL4, a major CES2 isozyme, showed about 1.5-fold higher expression in the jejunum than in the ileum ( Fig. 3B and Table 4 ); this result agrees with the findings of our previous study using semiquantitative reverse transcription (RT)-PCR (Masaki et al., 2007) . The difference is reflected in the rates of hydrolysis of PL derivatives in 8-week-old rats; the jejunal hydrolysis of PL derivatives was about 1.5-fold greater than that in the ileum (Fig. 6) . In contrast, the hydrolysis of temocapril differed 10-fold between jejunum and ileum. The relationship between the mRNA levels for each CES isozyme and hydrolase activities for temocapril suggests the involvement of Hydrolase B/C in addition to RL4 (Table 6) . The significantly lower level of hydrolysis of temocapril in the ileum compared with the jejunum is due to the low expression levels of Hydrolase B and Hydrolase C in the ileum (Fig. 4, B and C) . In many previous studies, it has been concluded that only CES2 isozymes are present in rat intestine. Serendipitously, we were able to demonstrate a contribution of CES1 isozymes to intestinal hydrolysis, as well as differences in the expression of Hydrolase B/C between jejunum and ileum. This is significantly different from the situation in the human intestinal hydrolysis which is contributed by only hCE2 in both jejunum and ileum.
The mechanisms underlying age-regulated expression of CES isozymes are not yet completely understood. However, since hydrolase activities for temocapril and PL derivatives correlate well with the mRNA levels of CES isozymes (Table 6) , age-related CES expression may be regulated at the transcription level rather than at downstream stages such as translation and protein degradation. With the exception of the RL4 gene, which is located on chromosome 1, rat CES1 and CES2 genes are located within their respective clusters on chromosome 19, suggesting that chromosome-specific regulation of CES expression is unlikely. Transcription-factor-mediated regulation may be different for the age-related regulatory pathways of hepatic and intestinal CES isozymes in rats.
In this study, we have demonstrated that the levels of rat hepatic and intestinal CES expression change in an age-dependent manner but in opposite directions, and that these changes in expression affect the hydrolase activities of the respective tissues. The factors involved in the changes of CES expression with age are unclear, although agerelated alterations in the levels of endogenous molecules, such as hormones and/or transcription regulatory factors, may be involved. These results may therefore stimulate our interest in the age-dependent expression of CES in other species, including humans. Further studies will allow us to better understand the mechanism of age-related regulation of CES expression.
